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Chapter 1  Introduction 
 
1.1 Biorefinery concept 
The production of fuels and chemicals by biorefining processes utilizing biomass 
has received growing interest. The International Energy Agency (IEA) defines 
biorefining as the sustainable processing of biomass into a spectrum of marketable 
products and energy [Jong and Jungmeier, 2015], with sustainability being the 
cornerstone of the biorefinery concept. Moreover, biorefining addresses environmental 
issues such as waste reduction and greenhouse gas (GHG) emission by replacing 
carbon-containing fossil fuels and materials by biomass, an abundant and renewable 
material, producing bio-based products and bio-energy [Kamm and Kamm, 2004]. The 
annual production of biomass is estimated at 170–200 × 109 ton [Castaneda and Mallol, 
2013; Lieth, 1975]. Cellulose, hemicelluloses, and lignin are the major biomass 
constituents, with other polymeric components such as pectin, starch, proteins, and 
extractives present in small quantities [Alèn, 2000]. Carbohydrates consisting of 
cellulose and hemicelluloses were reported to account for 65–80 wt.% of wood biomass 
and 50–80 wt.% of non-wood biomass, with the content of lignin equaling 20–30 wt.% 
  2 
[Alèn, 2000]. 
Cellulose is a homopolysaccharide composed of β-D-glucopyranose units linked by 
(1→4)-glycosidic bonds. Cellulose molecules are completely linear and exhibit a strong 
tendency to form intra- and intermolecular hydrogen bonds [Sjöström, 1981]. The 
chemical structure of cellulose is presented in Fig. 1.1(a). 
In contrast to cellulose, hemicelluloses heteropolysaccharides, being easily 
hydrolyzed by acids to their monomeric constituents, namely D-glucose, D-mannose, 
D-xylose, L-arabinose, and small amounts of L-rhamnose in addition to D-glucuronic 
acid, 4-O-methyl-D-glucuronic acid, and D-galacturonic acid [Sjöström, 1981]. 
Chemical structure of xylan, a group of hemicelluloses, is presented in Fig. 1.1(b). 
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Fig. 1.1 Chemical structure of cellulose (a),  
and xylan (a group of hemicelluloses) (b) [Alèn, 2000] 
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Lignin is an amorphous polyphenolic material comprising three phenylpropanoid 
monomers: coniferyl, sinapyl, and p-coumaryl alcohols [Lin and Dence, 1992], which 
are displayed in Fig. 1.2. 
The chemical linkages between lignin and polysaccharides in wood and non-wood 
materials have been investigated by many researchers to effectively separate lignin from 
carbohydrates. The types of linkages most frequently suggested involve benzyl ester, 
benzyl ether, and phenyl glucosidic bonds [Gellerstedt, 1996]. 
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Fig. 1.2 Basic units of lignin: coniferyl alcohol (a), synapyl alcohol (b), and 
p-coumaryl alcohol (c) [Alèn, 2000] 
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In the biorefinery concept, cellulose, hemicelluloses, and lignin are used as raw 
material to produce chemicals and biofuel. For instance, cellulose can be extracted and 
purified as to produce dissolving pulp that can be further utilized for rayon production 
or be converted to other chemicals by etherification, nitration, acetylation, xanthation, 
etc. Moreover, cellulose can be depolymerized to its monomer, glucose, which, in turn, 
can be fermented to produce bioethanol (used as a gasoline substitute for vehicles and 
machinery). Xylan, one of hemicelluloses (Fig. 1.1 (b)) can be hydrolyzed to xylose and 
be further converted to furfural, whereas lignin can be used to produce chemicals such 
as vanillin, a phenolic aldehyde commonly used in the food industry. 
 
1.2 Current status of sugarcane and other agricultural crops in Indonesia 
Besides food crops, plants such as sugarcane (Saccharum officinarum), oil palm 
(Elaeis guineensis), rubber plant (Ficus elastica), coconut palm (Cocos nucifera), cacao 
(Theobroma cacao), coffee plant (Coffea arabica), and tea plant (Camellia sinensis) are 
among the strategic agricultural crops currently being the main concern of the 
Indonesian government [Ministry of Agriculture of Indonesia, 2015]. This sector was 
designed to support national development not only economically, but also ecologically, 
enabling sustainable conservation of soil and water.  
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Fifteen sugar companies with 62 sugar mills were reported to be active in Indonesia 
in 2010 [Hermiati, 2010], with sugar mills mainly located on Java and Sumatra islands. 
In 2014, 2.6 million tons of sugar was produced from 0.48 million ha of harvested area 
[Statistics Indonesia, 2015], with the sugar production increasing to 2.9 million ton and 
the harvested area increasing by 1.6% in 2015. In terms of area, most of the sugarcane 
crops were harvested in East Java (49%) and Lampung provinces (29%) [Ministry of 
Agriculture of Indonesia, 2015]. The Ministry of Agriculture of Indonesia predicted that 
the sugar production and harvested area will reach ~3.82 million tons and 0.517 million 
ha, respectively, by 2019. Generally, the sugar and bagasse contents of sugarcane equal 
7–8 and 30–40 wt.%, respectively. During sugar milling, sugarcane is crushed to extract 
its juice, producing sugarcane bagasse (SB) as a fibrous by-product left after juice 
separation. Generally, SB is utilized as boiler feeder and can be combusted for power 
generation.  
In addition to sugarcane, oil palms are one of the most important crops in Indonesia, 
making it the world’s largest crude palm oil (CPO) producer. In 2014, Indonesia 
produced 29.3 million tons of CPO [Ministry of Agriculture of Indonesia, 2014], with 
production increasing to 30.8 million tons (from 7.7 million ha of harvested area) in 
2015 [Ministry of Agriculture of Indonesia, 2015]. During milling, fresh fruit bunches 
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(FFBs) of oil palm trees are separated into fruit (~70 wt.%), empty fruit bunches (EFBs, 
~20 wt.%), and other residues (10 wt.%), with the CPO content of FFBs reaching 43 
wt.%. EFBs, consisting of lignocellulosic fiber, are a by-product of crude palm oil 
milling with low economic value, usually used as an organic fertilizer for oil palm trees, 
but mostly left to rot as waste.  
In addition, oil palm trunks (OPTs) are also an abundant oil palm plantation waste. 
After 20 to 25 years of harvesting, oil palm trees are cut due to their decreased 
productivity, leaving trunks as waste. Therefore, OPTs are also an important biomass 
residue produced by oil palm plantations. 
Oil palm plantations are found on Sumatra, Kalimantan, Sulawesi, Papua, and Java 
islands. The locations of sugar holding companies and oil palm plantations in Indonesia 
are presented in Figure 1.3. 
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Fig. 1.3 Locations of sugar holding companies [Hermiati et al., 2010] and oil palm         
plantations in Indonesia [Ministry of Agriculture of Indonesia, 2014] 
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1.3 Bioethanol production from lignocellulosic materials 
The expanding world population and increased industrial activity result in increased 
global energy consumption [Sarkar, 2012]. Air pollution and greenhouse gas emission 
caused by excessive fossil fuel consumption, especially in urban areas, has drawn 
increased attention to the search for environmentally friendly alternative fuels. In the 
future, wind, water, sun, biomass, and geothermal heat can be used as renewable energy 
sources. In turn, the chemical industry can utilize biomass [Lynd, 2003] to produce 
chemicals and fuels, enhancing energy security and reducing GHG emission [Farrel, 
2006]. Cellulose, the main biomass constituent, can be converted to monosaccharides 
and further to ethanol. Ethanol (C2H5OH) produced from biomass is known as 
bioethanol and is usually blended with gasoline as a substitute. Generally, bioethanol is 
produced from sugarcane and starchy materials. These materials are also foodstuffs, and 
the use of lignocellulosic materials as an alternative is preferred. However, the complex 
structure of biomass cell walls that comprise lignin and hemicelluloses complicate the 
production of glucose from cellulose, making this process not economically viable. 
Lignin and hemicelluloses were shown to restrain sugar release from biomass during 
enzymatic hydrolysis [Qiang, 2016]. Therefore, the role of chemical composition 
(especially lignin content and structure) needs to be further studied to understand and 
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overcome the challenges of cellulosic hydrolysis.  
 
1.4 Utilization of non-wood fiber as raw material for dissolving pulp  
Dissolving pulp, also known as dissolving cellulose, refers to the pulp with a high 
content of cellulose (> 90 wt.%) and is mainly used for rayon production. However, 
numerous other products such as cellulose esters (acetate, nitrate), cellulose ethers 
(carboxymethyl cellulose), and cellulose graft copolymers are utilized in pharmaceutical, 
food, and other industries. Currently, the global production of dissolving pulp is 
increasing to meet the increased demand, which equaled 3.2 million tons in 2000 and 
increased to 4.5 million tons in 2010 [Patrick, 2011] and further increased to nearly 6 
million tons in 2012. Indonesia was the world’s 9th pulp and paper producer in 2009, 
supplying 12.9 million tons and increased to 13.9 million tons in 2013. The annual 
demand for dissolving pulp is ~0.25 million tons [Ministry of Industry of Indonesia, 
2010]. However, the domestic market demand still cannot be met by dissolving pulp 
mills (PT. Toba Pulp Lestari and South Pacific Viscose) in Indonesia.  
The global use of non-wood fiber as raw material for pulp and paper production 
increased by 10% during 1999–2003, whereas wood fiber utilization increased by only 
4% [Rodriguez et al., 2008]. In addition, the utilization of non-wood fiber, recovered 
paper, and other wood residues increased from 21% of the total demand in 1990 to 37% 
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in 2010 [FAO, 2011]. The utilization of non-wood material for dissolving pulp 
production has been intensified due to deforestation and global warming issues. In 
Indonesia, the dissolving pulp standard is based on the Indonesian National Standard, 
SNI 0938:2010, presented in Table 1.1. 
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Table 1.1 Indonesian quality standards for dissolving pulp*) 
Parameter Standard value 
α-Cellulose Min. 94 wt.% 
S18 Max. 4.9 wt.% 
S10 Max. 7.9 wt.% 
Extractive content (dichloromethane) Max .0.2 wt.% 
Ash content Max. 0.15 wt.% 
Acid-insoluble ash Max. 80 mg/kg 
Calcium content (Ca) Max. 150 mg/kg 
Fe content Max. 8 mg/kg 
Viscosity (intrinsic) Min. 400 mL/g 
Viscosity (cupric ethylenediamine) Min. 6.2 cP (mPa s) 
Brightness Min. 88% ISO 
Water content Max. 11 wt.% 
*) Standard Nasional Indonesia (SNI), 2010. 
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Bleaching, a step following chemical cooking, is an important process for 
producing dissolving pulp, utilizing numerous chemicals. Oxygen bleaching, patented 
in 1867 [Joy and Campbell, 1867], is one of the earliest methods for significantly 
reducing the kappa number of pulp. The main benefit of utilizing oxygen is its 
environmentally friendly nature, since it can reduce the use of chlorine dioxide in 
subsequent bleaching steps. However, besides increasing pulp brightness, oxygen 
bleaching significantly reduces pulp viscosity.  
Another common chemical used for bleaching is chlorine dioxide, commonly used 
at mills due to effectively removing lignin without degrading carbohydrates, with the 
associated viscosity decrease being not as pronounced as for oxygen bleaching. 
However, the use of chlorine dioxide for bleaching and waste water treatment produces 
organochlorine compounds such as chloroform that are harmful to the environment.  
Alkali extraction is also commonly employed in the bleaching process, removing 
lignin after acidic oxidation and benefiting the subsequent oxidation process by 
removing blocking groups [Berry, 1996]. 
Peroxymonosulfuric acid (H2SO5, Psa), an effective reagent for delignification and 
bleaching, is an important chemical used in this study. In 1957, Stephanou and Lewiston 
patented a method for synthesizing Psa [Stephanou, 1957]. Psa was also reported to 
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enhance hexenuronic acid (HexA) decomposition, one of the causes of the yellowing 
effect in pulp [Kuwabara, 2011], resulting in better selectivity and kappa number 
decrease per unit of viscosity compared with ozone bleaching [Rizaluddin, 2015]. 
 
1.5 Problem statements 
The excessive utilization of fossil energy sources to produce chemicals and fuels is 
accompanied by increased air pollution and GHG emission, necessitating the search for 
novel and renewable raw materials. Biomass is one of the potential sources that can 
reduce the dependency on fossil fuel. However, due to the shortage of wood supply and 
deforestation concerns, agricultural waste biomass is gradually starting to be used as an 
alternative source. 
Indonesia, located at the equator, possesses abundant biomass sources, particularly 
agricultural crop waste, which can potentially provide alternative sources for producing 
chemicals and fuel, e.g., bioethanol and dissolving pulp. 
For bioethanol, the detrimental effects of lignin on enzymatic saccharification have 
been reported by many researchers. Nevertheless, it is still poorly understood if the 
negative effect depends only on the amount of residual lignin or if its structure also 
contributes.  
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For dissolving pulp production, the application of totally chlorine-free (TCF) 
bleaching sequences to SB pulp resulting in compliance with the Indonesian standard 
requirement has not been reported. 
 
1.6 Objectives 
Herein, we aim to optimize and expand the utilization of biomass from agricultural 
crops (especially sugarcane bagasse) as a potential alternative source of bioethanol and 
dissolving pulp raw materials. Therefore, Chapter 2 deals with the objectives of finding 
a suitable delignification method for SB and OPT by using soda-AQ and AS-AQ 
cooking methods. Furthermore, this study aims to analyze the relation between the 
saccharification rate (k) and the S/V ratio in addition to determining relationship of 
saccharification rate (k) and residual lignin content (kappa number) of non-wood 
materials. 
Chapter 3 objectives are to investigate suitable conditions for achieving optimum 
brightness and viscosity of SB pulp by combining pre-hydrolysis and soda-AQ cooking. 
Moreover, this study aims to enhance the quality of dissolving pulp by using a 
combination of oxygen (O) and Psa followed by alkali extraction with hydrogen 
peroxide (Ep) to meet the quality standard, with a new sequence proposed. 
  17 
References 
Alèn R. 2000. “Basic chemistry of wood delignification” In: Forest Products Chemistry, 
Fapet Oy, Helsinki, Finland, pp 59-104. 
Berry R. 1996. “(Oxidative) alkaline extraction.” In: Pulp Bleaching: Principles and 
Practice, C. W. Dence and D. W. Reeve (eds.), TAPPI Press, Atlanta, USA, p. 291. 
Castaneda R. E. Q, Mallol J. L. F. 2013. Hydrolysis of Biomass Mediated by Cellulases 
for the Production of Sugars. Sustainable Degradation of Lignocellulosic Biomass - 
Techniques, Applications and Commercialization, Anuj Chandel (Ed.), InTech, 
DOI: 10.5772/53719, pp. 119-154. 
Farrell A. E, Plevin R. J, Turner B. T, Jones A. D, O'Hare M, Kammen D. M. 2006. 
Ethanol can contribute to energy and environmental goals, Science 311 (5760). 
FAO. 2011. State of the world’s forests 2011. Food and Agriculture Organization of 
United Nations. Retrieved from: http://www.fao.org/docrep/013/i2000e/i2000e.pdf. 
Accessed June 16, 2016. 
Gellerstedt G. 1996. “Chemical structure of pulp component” in: Pulp Bleaching: 
Principles and Practice, C. W. Dence and D. W. Reeve (eds.), TAPPI Press, Atlanta, 
USA, pp. 91-111 
Hermiati E, Mangunwidjaja D, Sunarti T. C, Suparno, O, Prasetya, D. B. 2010. 
  18 
Utilization of lignocellulosic biomass from sugarcane bagasse for bioethanol 
production, Jurnal Litbang Pertanian, 29, 121–130. 
Jong E. D, Jungmeier G. 2015. Biorefinery Concepts in Comparison to Petrochemical 
Refineries. Industrial Biorefineries and White Biotechnology. Retrieved from: 
http://dx.doi.org/10.1016/B978-0-444-63453-5.00001-X. 
Joy W. C, Campbell J. 1867. Improvement in bleaching paper-pulp, United States 
Patent, US Patent No. 66, 353 
Kamm B, Kamm M. 2004. Biorefinery – systems. Chem Biochem Eng Q, 18(1):1–6. 
http://pierre.fkit.hr/hdki/cabeq/pdf/18_1_2004/Biorefinary%20CABEQ_2004_01.p
df 
Kuwabara E, Koshitsuka T, Kajiyama M, Ohi H. 2011. Impact on the filtrate from 
bleached pulp treated with peroxymonosulfuric acid for effective removal of 
hexenuronic acid. Japan TAPPI Journal, 65, 1071–1075. 
Lieth H. 1975. Primary production of the major vegetation units of the world. In: 
Primary Productivity of the Biosphere, editors.: Springer-Verlag, New York and 
Berlin p. 203-15. 
Lin S. Y, Dence, C. W. 1992. Methods in Lignin Chemistry. Springer-Verlag, Berlin, pp. 
301-321. 
  19 
Lynd L. R, Wang M. Q. 2003. A product-nonspecific framework for evaluating the 
potential of biomass-based products to displace fossil fuels. Journal of Industrial 
Ecology 7: 17-32. 
Ministry of Agriculture of Indonesia. 2015. Annual report of Agriculture Development 
2015. Retrieved from: 
http://sakip.pertanian.go.id/admin/tahunan/LAPORAN_TAHUNAN_2015.pdf. 
Accessed: 20 August, 2016. 
Ministry of Agriculture of Indonesia. 2014. Tree crop estate statistics of Indonesia, 
2013-2015, Palm Oil. Retrieved from 
http://ditjenbun.pertanian.go.id/tinymcpuk/gambar/file/statistik/ 
2015/SAWIT%202013%20-2015.pdf. Accessed 28 June 2016. 
Ministry of Industry of Indonesia. 2010. Pulp and paper export prediction increasing by 
4%. 
http://www.kemenperin.go.id/artikel/3433/Ekspor-pulp-&-kertas-diprediksi-tumbuh
-4. Accessed: 13 June, 2016. 
Patrick K. 2011. Dissolving pulp gold rush in high gear, Paper 360, Tappi J.6, 8-12. 
Qiang Y, Zhuang X, Wang W, Qi W, Wang Q, Tan X, Kong X, Yuan Z, 2016. 
Hemicellulose and lignin removal to improve the enzymatic digestibility and 
  20 
ethanol production. Biomass and Bioenergy 94: 105-109. 
Rizaluddin A. T, Salaghi A, Ohi H, Nakamata K. 2016. Peroxymonosulfuric acid 
treatment as an alternative to ozone for totally chlorine-free and elementary 
chlorine-free bleaching of hardwoods prehydrolysis-kraft pulp. Japan TAPPI 
Journal, 70, 724–742. 
Rodriguez A, Serrano L, Moral A, Pérez A, Jiménez L. 2008. Use of high-boiling point 
organic solvents for pulping oil palm empty fruit bunches. Bioresource Technology, 
99, 1743. 
Sarkar N, Ghosh S. K, Bannerjee S, Aikat K. 2012. Bioethanol production from 
agricultural waste: An overview. Renewable Energy 37-2012: 19-27 
Sjöström E. 1981. Wood Chemistry, Fundamentals and Applications, Published by 
Academic Press, Inc., New York, USA. 
Statistics Indonesia. 2015. Production of plantation crops by province and crops, 
Indonesia (thousand tons), 2012-2014. Retrieved from 
http://www.bps.go.id/linkTableDinamis/view/id/839. Accessed 28 June 2016. 
Stephanou S. E. 1957. Preparation of monopersulfates, United States Patent, US Patent 
No. 2,802,722. 
Standard Nasional Indonesia (SNI). 2010. Pulp rayon (in Indonesia) (SNI 0938:2010). 
  21 
National Standardization Agency of Indonesia (BSN), Jakarta, Indonesia. Retrieved 
from http://sisni.bsn.go.id/index.php?/sni_main/sni/detail_sni/9701. Accessed 21 
Oct 2015. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  22 
Chapter 2  Dependence of enzymatic saccharification on 
residual-lignin structure in sugarcane bagasse 
pretreated with alkaline sulfite 
 
2.1 Introduction 
To date, the utilization of biomass for fuel and chemical production has received 
growing interest. Sugarcane and starchy materials have been used as raw materials for 
bioethanol production. Nonetheless, their competitiveness with foodstuffs shifted the 
focus of such research to lignocellulosic biomass such as sugarcane (Saccharum 
officinarum) bagasse and oil palm (Elaeis guineensis) residues. Nonwood biomass and 
especially agricultural crops are among key cultivated materials that have been studied 
for biorefinery purposes because of renewability and abundant availability.  
In Indonesia, according to the data of Indonesia Statistics Bureau in the year 
2014, the plantation area of sugarcane was ~0.48 million hectares, and 2.6 million tons 
of crude sugar was extracted from ~33 million tons of sugarcane [Statistics Indonesia, 
2015]. Sugarcane bagasse (SB) production constitutes 30–40% of sugarcane production 
or ~9.9–11.2 million tons annually [Hermiati, 2010]. Indonesia is also the largest 
producer of crude palm oil (CPO) in the world: the CPO yield was 29 million tons in 
2014 [Ministry of Agriculture of Indonesia, 2014]. The productivity of oil palm trees 
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decreases 20 to 25 years after planted [Yamada et al., 2010]. Therefore, the oil palm 
needs to be replanted, and the felled oil palm trunks (OPTs) can be regarded as another 
important biomass source. After the trunk is squeezed, OPT liquor or sap is produced 
along with the leftover OPT residue, which mainly consists of parenchyma and vascular 
bundles [Yamada et al., 2010]. 
The key steps of ethanol production from a lignocellulosic material are 
pretreatment and saccharification. The pretreatment is aimed at removal of lignin and at 
increasing the accessibility of the enzyme to cellulose and hemicellulose. It was 
reported that pretreatment of lignocellulosic biomass helps to modify the highly ordered 
cell wall structure [Hendriks and Zeeman, 2009]. Prehydrolysis is generally used prior 
to chemical treatment to increase removal of hemicelluloses and a small proportion of 
lignin [Rizaluddin et al., 2015]. Several chemical methods have been proposed as 
pretreatment of lignocellulosic materials. Acid sulfite, kraft, and soda-anthraquinone 
(soda-AQ) cooking have been applied to pretreatment of Japanese larch [Tanifuji et al., 
2011]. Meanwhile, the alkaline sulfite-anthraquinone (AS-AQ) method was tested and 
showed a higher enzymatic saccharification rate than the soda-AQ method did at the 
same lignin content of bamboo pulp [Zhang et al., 2014]. Another study on 
delignification of SB showed that the optimal ratio of NaOH to Na2SO3 in the AS-AQ 
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cooking method is 7 to 3 [Hedjazi at al., 2008]. It has also been reported that wet 
oxidation is better than steam explosion for pretreatment of an SB material prior to 
enzymatic hydrolysis [Martin et al., 2008]. Moreover, a pretreatment process involving 
alkaline peroxide and acid hydrolysis was reported to be effective at removal of lignin 
from SB [Dawson and Boopathy, 2008]. Regarding OPT, sodium hydroxide 
pretreatment is used for the delignification of parenchyma and vascular bundles 
[Prawitwong et al., 2012]. Based on several pretreatment methods introduced above, a 
suitable pretreatment is necessary to obtain minimal residual lignin in pulp before 
subsequent processes. In this study, soda and alkaline sulfite methods were chosen for 
testing.  
Lignin content, crystallinity of cellulose and interaction between carbohydrate 
and lignin have been reported influencing enzymatic saccharification. Cui et al (2014) 
showed that amorphous cellulose much easier to digest during saccharification. 
Meanwhile, for cellulose, the order of digestion ability was cellulose III >cellulose II 
>cellulose Iα >cellulose Iβ. Moreover, three major linkages of lignin-carbohydrate 
complexes such as phenyl glycoside, benzyl ether, and γ-ester showed inhibition effects 
on enzymatic saccharification [Min et al, 2014]. 
Detrimental effects of lignin on enzymatic saccharification have been reported 
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by many researchers [Tanifuji et al., 2011; Zhang et al., 2014]. Nevertheless, it is still 
unclear whether the negative effect depends only on the amount of residual lignin or 
there is also contribution from lignin structure. Lignin is a complex aromatic 
heteropolymer composed of three monolignols: p-hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) units [Ralph et al., 2004]. It is generally known that nonwood biomass has 
S and G units in different ratios and a small amount of the H unit. The presence of a 
syringyl nucleus strongly influences the rate of cleavage of β-O-4 bonds and 
delignification during alkaline cooking [Shimizu et al., 2012]. One study revealed that 
the syringyl to guaiacyl (S/G) ratio (according to pyrolysis gas chromatography analysis 
of five sugarcane varieties) ranges from 0.8 to 1.2 [Lopez et al., 2011]. On the other 
hand, the influence of lignin structure on the saccharification rate of nonwood biomass 
is poorly understood.  
Lignin structure is often discussed in conjunction with the syringaldehyde to 
vanillin (S/V) ratio according to the nitrobenzene oxidation method. Therefore, the 
objective of this study was to clarify the effects of both contents and structural feature 
of residual lignin on saccharification with analyzing the relationship between the 
saccharification rate (k) and S/V ratio in addition to residual lignin content (kappa 
number) for non-wood materials.  
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2.2 Materials and Methods 
2.2.1  Preparation of materials  
SB samples were collected from a sugar mill in Yogyakarta province, Indonesia, 
PG Madukismo. Meanwhile, OPT samples were provided by JIRCAS (Japan 
International Research Center for Agricultural Sciences), which were originally 
collected on an oil palm plantation in the northern part of Malaysia. After collection, the 
SB was washed and sun-dried to moisture content of ~10%. The SB fiber fragments of 
5–10 cm were then cut to the length of 0.5 to 1 cm. OPT was prepared by cutting it into 
a disk shape, 7 cm thick. The sap (OPT liquor) was squeezed from the OPT disk using a 
laboratory scale press machine at 80 MPa, and the residue was dried at 60C for 48 h 
and granulated by pounding in a mortar [Prawitwong et al., 2012]. The SB and OPT 
samples were air-dried for 3 days at 20C ± 2°C to attain moisture content of 
approximately 8–10%. Next, the size of samples was reduced to 40–80 mesh for 
analytical purposes. 
 
2.2.2 Chemical analysis of the materials and pulp samples 
 Previously, the extractives of materials were removed by Soxhlet-extraction 
with hexane and acetone, and the content of extractives was determined by the TAPPI 
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Method [TAPPI T204 om-88, 1996]. Acid-insoluble lignin was analyzed by two-stage 
sulfuric acid hydrolysis according to the method described elsewhere [Yoshihara at al., 
1984; Ohi et al., 1997]. At the first stage, a sample was weighed (0.5 g oven-dried 
weight) and hydrolyzed with 72% sulfuric acid for 2.5 h, and at the second stage, it was 
hydrolyzed with 4% sulfuric acid at 121C for 1 h. The weight of the residue filtered out 
by a glass filter (1GP16) was measured as acid-insoluble lignin. Acid-soluble lignin was 
quantified by means of UV absorbance of the filtrate at 205 nm on a spectrophotometer 
[TAPPI T222 om-88, 1996]. Monosaccharide contents were determined on a Dionex 
ICS 3000 ion chromatograph (Dionex, Sunnyvale, CA, USA) from a filtrate at 
1000-fold dilution [Tanifuji et al., 2011]. The system consisted of an electrochemical 
detector (ED), single pump model (SP-1), and a CarboPac PA 1 column ( 4 mm  250 
mm), CarboPac PA 1 guard column ( 4 mm  50 mm), and an auto sampler (AS). Ash 
content was determined according to the TAPPI Test Method [TAPPI T211 om-93] at 
575°C for 4 h. The kappa number of pulp was determined by the TAPPI Method [TAPPI 
T236 cm-85]. 
 
2.2.3 Prehydrolysis and cooking processes 
Thirty-five grams (oven-dried weight) of each sample was prehydrolyzed with 
  28 
245 ml of water at 150C ± 2C for 90 min. After removal of 160 ml of prehydrolysate 
(PHL), cooking was carried out at 150C ± 2C for 30 to 90 min with a 9% to 18% dose 
of active alkali (AA) as Na2O and a 0.1% dose of AQ (as 
1,4-dihydro-9,10-dihydroxyanthracene sodium salt, SAQ; provided by Kawasaki Kasei 
Chemicals, Ltd.). The sulfite ratio was 30% (NaOH:Na2SO3, 7:3 as Na2O) in the 
AS-AQ cooking method. After the prehydrolysis, a portion of the prehydrolysate was 
separated from the samples and freeze-dried. 
 
2.2.4 Analysis of lignin by nitrobenzene oxidation 
Nitrobenzene oxidation was carried out according to the modified method of 
Chen [Chen, 1992] with addition of 200 mg (oven-dried weight) of 40- to 80-mesh 
materials, 7 ml of 2N NaOH and 0.4 ml of a nitrobenzene solution into a 10-ml steel 
reactor, and the mixture was heated at 170C for 2.5 h. An internal standard (ethyl 
vanillin) was added to the reaction products. The mixture was then extracted with 20 ml 
of ether three times; the lower layer was collected and acidified to pH 3–4. Extraction 
with 20 ml of ether was repeated three times, and the upper layer was collected and 
washed with 3 ml of distilled water to remove the remaining acid. After that, ~20 g of 
anhydrous Na2SO4 was added with overnight incubation to remove the remaining water. 
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Reaction products in the ether phase were concentrated in a rotary evaporator and dried 
to a solid state. Two milliliters of ether was added to the solids before analysis by gas 
chromatography (GC). The GC conditions were as follows: a Shimadzu GC system 
GC-17A; column: DB-1 (30 m  0.25 mm, film thickness: 0.25 µm); column 
temperature maintained at 110C for 15 min, then raised to 160C at a rate of 5C/min, 
and further raised to 280C at a rate of 20ºC/min and maintained for 7 min; carrier gas: 
helium; injection temperature: 300C; FID detector temperature: 280C. 
 
2.2.5 Saccharification of pulp samples and calculation of the saccharification rate  
Fifty milligrams of a pulp sheet 10  60 mm was placed into a test tube (13 mm 
  100 mm). Next, 1 ml of acetate buffer (0.05 M, pH 4.5) and 0.5 ml of a diluted 
enzyme solution containing a cellulase mixture acquired from Genencore Kyowa Co., 
Ltd., Japan, as GC 220 was added to the test tube at a filter paper unit (FPU) dose of 9.1 
FPU/(g pulp). Enzymatic hydrolysis was conducted at 45C, for 2–24 h. After that, the 
enzyme was deactivated, and the liquid phase was diluted 1000-fold. Then, glucose and 
xylose were analyzed using a Dionex ICS 3000 ion chromatograph under the same 
conditions as described in section 2.2.2. 
 The saccharification rate of glucose (k) was calculated by means of an equation 
  30 
of liberated glucose and saccharification time as follows:  
ln [Y0–Y ] = –kX + C  
where Y is liberated glucose (mg), Y0 denotes initial pulp weight (mg), X represents time 
(h), and C is a constant. 
 
2.3 Results and discussion 
2.3.1  Characteristics of SB and OPT samples and of PHLs 
As shown in Table 2.1, glucan content of SB (42.5%) was higher than that of 
OPT (37.7%). SB and OPT samples did not contain starch with a level that affected the 
neutral sugar analysis. Meanwhile, total lignin content of SB (24.1%) was similar to that 
of OPT (23.2%). Structural analysis of lignin by nitrobenzene oxidation showed that 
total yields of vanillin and syringaldehyde from SB and OPT were 21.6% and 33.8%, 
respectively; SB contained much more of the condensed type of lignin than OPT did. 
The S/V molar ratio was 0.83 for SB and 1.93 for OPT. There are few data in the 
literature about the lignin structure of OPT. Moreover, SB contained much more ash but 
less extractives than OPT did. 
Analysis of the chemical composition of PHL showed that xylan content (SB: 
5.3%; OPT: 2.5%) was much higher than glucan content (SB: 0.4%; OPT: 1.3%) in both 
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materials (Table 2.1). In addition, small amounts of lignin in these materials were 
removed during prehydrolysis (SB: 0.2%; OPT: 1.1%). By means of xylan and lignin 
contents in the PHL, it was demonstrated that prehydrolysis is not only a step for 
removing mainly hemicellulose and lignin but also an advantageous step of hydrolysis 
prior to alkaline cooking because this step can alter the chemical structure of 
hemicellulose and lignin, and cut the bond between hemicellulose and lignin in SB and 
OPT that indicated by the present of hemicelluloses and lignin in the PHL (Table 2.1). 
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Table 2.1 Chemical composition of SB and OPT samples, prehydrolysates, and lignin 
oxidation products after nitrobenzene oxidation 
 Material Prehydrolysatea 
 SB OPT SB OPT 
Chemical composition     
Acid-insoluble lignin (%)b 22.3 20.9 0.2 1.1 
Acid-soluble lignin (%)b 1.8 2.3 0.1 0.5 
Glucan (%)b 42.5 37.7 0.4 1.3 
Xylan (%)b 19.5 18.5 5.3 2.5 
Other sugars (%)b 3.1 6.1 0.8 1.2 
Extractives (%)b 1.6 3.1 - - 
Ash (%)b 4.9 1.3 0.5 0.5 
Other organic compounds (%)b 4.3 10.1 3.7 6.6 
Yield (%)b (100) (100) 11.0 13.7 
Nitrobenzene oxidation     
Vanillin (%)c 10.8 10.2 - - 
Syringaldehyde (%)c 10.8 23.6 - - 
Total (%)c 21.6 33.8 - - 
S/V molar ratio 0.83 1.93 - - 
a Prehydrolysis conditions: 150C ± 2C, 90 min  
b Based on raw material weight 
c Based on acid-insoluble lignin content 
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2.3.2 Application of AS-AQ and soda-AQ cooking methods  
Effects of AS-AQ and soda-AQ cooking methods on delignification of SB and 
OPT samples were studied under several conditions at various AA doses and cooking 
periods to prepare pulp samples that have various kappa numbers (Table 2.2). One 
study showed that the general nature of chemical reactions under alkaline cooking with 
lignin is nucleophilic, and that decomposition of lignin depends on the cleavage of all 
types of aryl ether bonds [Alen, 2000].  
Analysis of the SB AS-AQ pulp samples indicated that the lowest kappa number 
was 6.9 (acid-insoluble lignin: 0.5%) after cooking with AA at 18% for 90 min. At the 
same AA dose and cooking duration (18% and 90 min), the kappa number was 8.1 for 
soda-AQ pulp (acid-insoluble lignin: 0.6%). It was shown that the AS-AQ cooking 
method was more suitable than the soda-AQ cooking method for delignification of SB. 
In a comparison of the two cooking methods of OPT, the lowest kappa number was 8.8 
for soda-AQ pulp (10.0 for AS-AQ pulp). Under these cooking conditions, content of 
acid-insoluble lignin of soda-AQ pulp (0.2%) was lower than that of AS-AQ pulp 
(0.4%). The AS-AQ method was not suitable for delignification of OPT in contrast to 
the method for that of SB, because S/V ratio of OPT (1.93) was higher than that of SB 
(0.83). High S/V ratio, generally correlated with the cooking efficiency. 
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Table 2.2 Chemical composition of SB and OPT pulp samples obtained under several 
conditions 
a Cooking temperature 150C ± 2C, Na2SO3:NaOH (3:7) in the AS-AQ method b Based on raw material weight 
 
 
 
 
 
 AA dosea (%) 
Cooking 
duration 
(min) 
Pulp 
yield 
(%)b 
Kappa 
number 
Glucan 
content 
(%)b 
Xylan 
content 
(%)b 
Acid-in
soluble 
lignin 
(%)b 
SB 
AS-AQ 
18 90 44.5 6.9 38.3 5.4 0.5 
18 30 45.0 9.3 38.1 5.8 0.8 
15 90 45.7 9.7 38.5 5.9 0.9 
9 90 50.5 82.0 38.6 5.9 6.0 
SB 
soda-AQ 
18 90 43.1 8.1 36.6 5.6 0.6 
18 30 44.6 10.2 37.7 5.8 0.8 
15 90 45.1 10.8 38.0 5.9 0.9 
9 90 51.2 88.0 38.1 5.9 6.7 
OPT 
AS-AQ 
18 90 29.9 10.0 26.5 2.8 0.4 
18 30 30.7 20.7 26.3 3.3 0.8 
15 90 33.2 51.9 26.2 3.8 2.7 
9 90 50.2 245 30.3 4.0 14.5 
OPT 
soda-AQ 
18 90 30.0 8.8 26.9 2.7 0.2 
18 30 31.2 13.1 27.7 2.6 0.6 
15 90 33.5 15.3 27.8 4.6 0.8 
9 90 46.1 232 28.1 4.6 12.2 
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2.3.3 Enzymatic saccharification 
The cellulase mixture was added to 50 mg of SB or OPT pulp samples. Data on 
glucose liberated from the pulp after enzymatic saccharification for 2 to 24 h are 
presented in Fig. 2.1(a). The same amount (50 mg) of filter paper was also treated with 
the same amount of the enzyme solution as a control. The results showed that the SB 
AS-AQ pulp with a kappa number of 6.9 released 39 mg of glucose. 
The amounts of glucose liberated during saccharification were converted into 
equations as a pseudo-first-order reaction in Fig. 2.1(b). A rate constant (k) of the 
pseudo-first-order reaction is a slope obtained from the equation. In Fig. 2.1(a) and (b), 
the largest theoretical amount of liberated glucose was 92% (50 mg of SB AS-AQ pulp 
with kappa number 6.9 liberated 38.74 mg of glucose and contained 84.9% of glucan in 
the pulp or 42.25 mg of glucose). 
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Fig. 2.1 Amounts of glucose liberated (a) and saccharification rates (b) during 
enzymatic saccharification of SB and OPT pulp samples.  
Legend. ○: SB AS-AQ pulp, kappa number 6.9; △: SB soda-AQ pulp, kappa number 
10.2; ●: OPT AS-AQ pulp, kappa number 245; ▲: OPT soda-AQ pulp, kappa number 
15.3; ◇: filter paper 
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The saccharification rate constants (k) of SB AS-AQ pulp samples were 
generally higher than those of SB soda-AQ pulp (Table 2.3). Regarding OPT pulp 
samples, saccharification rates (k) of the AS-AQ pulp samples were not clearly higher 
than those of soda-AQ pulp samples, the k values of AS-AQ pulps were lower than 
those of soda-AQ pulps. In a comparison of SB and OPT under the same cooking 
conditions, SB pulp samples yielded a higher saccharification rate than did OPT pulp 
samples. 
Figure 2.2 shows the relation between the kappa number and saccharification 
rate constants for SB pulp samples (a) and OPT pulp samples (b), using the data from 
Table 2.3. The saccharification rate constant clearly increased with a decrease in the 
kappa number. These results indicated that residual lignin has a negative effect on 
saccharification of SB and OPT. 
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Table 2.3 S/V ratios of residual lignin and saccharification rates of SB and OPT 
pulp samples 
a The S/V molar ratio of residual lignin after nitrobenzene oxidation of pulp 
b Saccharification rate constant 
 
 
 Kappa number S/V ratioa kb 
SB AS-AQ 
6.9 0.64 0.0482 
9.3 0.65 0.0391 
9.7 0.66 0.0406 
82.0 0.82 0.0166 
SB soda-AQ 
8.1 0.59 0.0412 
10.2 0.60 0.0345 
10.8 0.60 0.0317 
88.0 0.77 0.0143 
OPT AS-AQ 
10.0 2.66 0.0301 
20.7 2.16 0.0239 
51.9 2.87 0.0197 
245 2.38 0.0108 
OPT soda-AQ 
8.8 1.84 0.0340 
13.1 1.91 0.0312 
15.3 2.09 0.0253 
232 2.36 0.0129 
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Fig. 2.2 The relation between the kappa number and the saccharification rate constant 
for SB pulp (a) and OPT pulp (b).  
Legend. ○: SB AS-AQ pulp; △: SB soda-AQ pulp; ●: OPT AS-AQ pulp; ▲: OPT 
soda-AQ pulp 
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2.3.4 Effects of the residual lignin S/V ratio on the saccharification rate  
The S/V ratios and saccharification rate constants are presented in Table 2.3. 
The results on SB AS-AQ pulp samples suggest that at the kappa number of 6.9, the S/V 
ratio was 0.64, and this ratio increased with the increasing kappa number, R2 = 0.997 
(Fig. 2.3). As for OPT, AS-AQ pulp samples did not show a good correlation between 
the S/V ratio and kappa number (R2 = 0.043). 
We found that cellulase tended to bind to lignin-rich surfaces during the 
enzymatic saccharification process [Yang and Wyman, 2006]. Meanwhile, it was 
reported that syringyl-rich lignin has less branched structure and a lower degree of 
polymerization than guaiacyl-rich lignin does [Stewart et al. 2009]. Higher 
saccharification rates may be caused by lower cellulase adsorption on the lignin surface 
during enzymatic saccharification.  
To further examine the influence of lignin structure on the saccharification rate 
(k), the S/V ratios at kappa number 20 were calculated based on correlations of k and 
the S/V ratio with the kappa number. The equations of the dependence of k on the S/V 
ratio and kappa number for SB AS-AQ pulp samples were k = –0.0118ln(x) + 0.0680 
(Fig. 2.2) and S/V ratio = 0.00231x + 0.630 (where x is the kappa number), respectively. 
Regarding OPT AS-AQ pulp samples, the equations for the kappa number and S/V ratio 
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are k = –0.00584ln(x) + 0.0427 (Fig. 2.2) and S/V ratio = –0.000587x + 2.57, 
respectively (Fig. 2.3). By means of these equations, S/V ratios and k values at kappa 
number 20 were calculated. SB AS-AQ pulp has the S/V ratio of 0.68 and k of 0.0327 
(Table 2.4). At the same kappa number (20) of AS-AQ pulp samples, SB pulp with a 
lower S/V ratio (0.68) yielded a higher saccharification rate (0.0327), whereas OPT pulp 
with a higher S/V ratio (2.56) showed a lower saccharification rate (0.0252).  
 In a comparison of SB and OPT, we found that syringyl-rich lignin kept in pulp 
results in a lower saccharification rate of the pulp samples prepared by the AS-AQ 
cooking method. 
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y = 2.32E-03x + 6.30E-01R² = 9.96E-01
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Fig. 2.3 The relation between the kappa number and the S/V ratio for SB pulps (a) and 
correlation of ln (x) and saccharification rate (k) for SB and OPT pulps, x = kappa 
number (b).  
Legend. ○: SB AS-AQ pulp; △: SB soda-AQ pulp; ●: OPT AS-AQ pulp; ▲: OPT 
soda-AQ pulp 
 
(a) 
(b) 
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Table 2.4 The saccharification rate constant and S/V ratio of AS-AQ pulp samples at the 
kappa number of 20 
 S/V ratio k 
SB AS-AQ pulp 0.68 0.0327 
OPT AS-AQ pulp 2.56 0.0252 
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 We discussed in the current study the observed differences in the 
saccharification rates between the cooking methods and between the original raw 
materials on the basis of their lignin contents and lignin structural feature. These effects 
seem to be simultaneously combined with discussion based on the cellulose crystal 
structure and area as the next step. In the current study, we further focused on the lignin 
content (kappa number) and S/V ratios. 
As statistical modeling, a multiple regression analysis was carried out to 
comprehensively examine the influence of the kappa number and S/V ratio on the 
saccharification rate. Statistical data revealed that R2 was 0.897 and 0.873 for SB and 
OPT pulp samples, respectively. This result indicated that 89.7% and 87.3% of 
variations in the saccharification rates were explained by the independent variable 
(kappa number and S/V ratio) in SB and OPT pulp samples, respectively. Furthermore, 
the data are reliable (statistically significant), if probability P is less than 0.05. In this 
study the values were 0.003 for SB and 0.006 for OPT pulp samples, lower than 0.05. 
Therefore, these results were significant at the 95% confidence level. The P values of 
the data on the kappa numbers were also below 0.05 (95% confidence level) for both 
SB and OPT pulp samples. Meanwhile, P values of the S/V ratio were higher than 0.05 
for both SB and OPT pulp samples. These results suggested that the kappa number 
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significantly influenced the saccharification rate, and that the S/V ratio of the 
saccharification rate is less significant than that of the kappa number.  
At a low kappa number, however, the influence of lignin structure (expressed as the S/V 
ratio) on the saccharification rate was substantial for AS-AQ pulp samples. 
 
2.4 Conclusions 
Delignification performance of two methods of cooking of SB and OPT 
showed that the AS-AQ cooking method is more suitable for SB delignification than 
soda-AQ cooking is. SB pulp samples released more glucose than OPT pulp did under 
the same conditions. At the same kappa number (20) of pulp samples obtained by 
AS-AQ cooking, the SB pulp with a lower S/V ratio (0.68) yielded a higher 
saccharification rate: 0.0327, while OPT pulp (S/V ratio: 2.56) showed a lower 
saccharification rate (0.0252). This study revealed that the influence of lignin structure 
(expressed as the S/V ratio) on the saccharification rate is important for AS-AQ pulp 
although the kappa number has a significant influence on the saccharification rate of SB 
pulp and OPT pulp. 
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Chapter 3 Environment-friendly non-sulfur cooking and totally 
chlorine-free bleaching for preparation of sugarcane 
bagasse cellulose 
 
3.1  Introduction 
There is growing interest in the utilization of biomass for the production of biofuels 
and materials [Andrade & Colodette 2014; Hu, 2008]. Dissolving pulp (DP), which has 
a cellulose purity of more than 90%, is mainly used for rayon production. However, it is 
also an important material for producing textile fibers, cellulose derivatives, 
pharmaceuticals, and food additives. Recently, the utilization of non-wood materials has 
increased owing to deforestation and global warming issues. For instance, the use ratio 
of non-wood fibers to recovered paper as raw materials for pulp and paper increased 
from 21% in 1990 to 37% in 2010 [FAO, 2011]. 
Sugarcane (Saccharum officinarum) bagasse (SB) is a cellulosic agro-industrial 
by-product. In Indonesia, it was reported that 2.6 million ton of crude sugar (cane sugar) 
was produced from sugarcane (33 million ton) on 0.48 million ha of harvested area in 
2014 [Statistics Indonesia, 2015]. Although Statistics Indonesia released no information 
about the amounts of SB generated, a previous study reported that an annual production 
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of about 33 million ton of sugarcane resulted in the generation of around 9.9–11.2 
million ton (30–34%) of SB per year [Hermiati, 2010]. Generally, SB is combusted in 
boiler systems for power generation.  
Meanwhile, as the largest oil palm (Elaeis guineensis) producer in the world, 
Indonesia produced 29.3 million ton of crude palm oil (CPO) in 2014 [Ministry of 
Agriculture of Indonesia, 2014]. In oil palm processing, the fruit is separated from the 
bunch, leaving empty fruit bunches (EFB); about 43.5 million ton of EFB are produced 
annually. Both SB and EFB are renewable raw materials abundant in Indonesia.  
Cotton and wood as agricultural and forestry plantation products are valuable 
starting materials with very good qualities for producing DP. However, cotton and wood 
are also excellent starting materials for other important products, including textiles, 
paper and boards. Meanwhile, it is well known that good quality paper can be produced 
from SB, but considerable amounts of SB are not utilized effectively. Therefore, we 
have focused on the usage of agricultural waste materials, such as SB and EFB. 
Isolation of cellulose from SB has been extensively studied [Pereira, 2011; Khristova, 
2006; Sun, 2004], but no studies have examined non-sulfur cooking and chlorine-free 
bleaching for DP production from SB.  
DP production from SB soda pulp followed by elementary chlorine-free (ECF) 
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bleaching with oxygen (O), chlorine dioxide (D), alkaline extraction with hydrogen 
peroxide (Ep), and alkaline hydrogen peroxide (P) stages as an O-D-Ep-D-P sequence 
have been shown in a previous study to achieve an ISO brightness of 88.5% [Andrade 
& Colodette, 2014]. Meanwhile, the production of DP from oil palm EFB has been 
reported in many studies [H’ng, 2017; Harsono, 2016; Sharma, 2015; Ferrer, 2011; Ng, 
2011]. Other agricultural waste materials, such as banana plant stems, have also been 
evaluated as raw materials for DP, and an ISO brightness of 77.9% was achieved after 
the application of the ECF bleaching process [Das, 2016]. Matin (2015) reported that a 
high ISO brightness of 89% could be obtained after application of a D0-Ep-D1-Ep-D1 
bleaching sequence to jute sticks, where D0 and D1 indicate different dosages of ClO2. 
Meanwhile, bamboo DP prepared using soda-anthraquinone (AQ) cooking and an ECF 
bleaching sequence had an ISO brightness of 92.4% [Batalha, 2012].  
To prevent pollution at the bleaching stage, the pulp and paper industry started 
using ECF bleaching instead of chlorine bleaching. However, organochlorine 
compounds produced at the bleaching stage and by wastewater treatment are still 
discharged during ECF bleaching [Nakamata, 2004]. Therefore, TCF bleaching, in 
which hydrogen peroxide (Ep, P), oxygen (O), ozone (Z), and peroxymonosulfuric acid 
(Psa) stages are used instead of ClO2 (D) stage, has been proposed as a solution 
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[Rizaluddin, 2015]. TCF bleaching will diminish adsorbable organic halogen (AOX) 
emissions, as well as the amount of discharged organochlorine substances. Several 
studies have applied TCF bleaching sequences on non-wood materials for DP 
production. Harsono et al. (2016) showed that the application of both TCF and ECF 
bleaching sequences after soda-AQ cooking of EFB could be used to produce DP with a 
high ISO brightness (81.6% and 90.7%, respectively). Hedjazi et al. (2008) reported that 
the application of a TCF bleaching sequence with chelate treatment (Q) and oxygen 
with peroxide (OP) stages (O-Q-(OP) and O-Q-(OP)-P sequences) to SB achieved ISO 
brightnesses of 78.5% and 83.5%, respectively. Another study applied a TCF bleaching 
sequence (Q-O/P-Q-P) to SB pulp to achieve an ISO brightness of 76.9% [Khristova, 
2006]. According to the Indonesian National Standard [Standard Nasional Indonesia 
(SNI), 2010], a minimum ISO brightness of 88%, a viscosity greater than 6.2 cP, a 
minimum α-cellulose content of 94%, and a maximum ash content of 0.15% are 
required for DP. However, no previous study has demonstrated that the application of 
TCF bleaching to SB pulp can achieve the high grade of DP required to meet these 
standards. While there are various environmentally friendly pulp and paper production 
technologies available [Bajpai, 2010], in order to meet the Indonesian National Standard, 
we have focused on non-sulfur cooking and chlorine-free bleaching.  
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Soda-AQ cooking was chosen in this study because it is more environmentally 
friendly than kraft cooking. Alaejos et al. (2006) compared soda-AQ and kraft pulping 
of holm oak, revealing that a lower kappa number, higher brightness level, and slightly 
lower viscosity is obtained for soda-AQ pulp. Moreover, the use of soda-AQ cooking 
eliminates the risk of environmental damage caused by sulfur emissions. There are two 
methods of dealing with the waste liquor from such soda-AQ cooking processes. The 
first is recovery, concentration, and combustion, which is the conventional recovery 
process used in kraft cooking. The second is lignin separation and utilization of lignin 
derivatives [Yoon, 2016, 2015]. As a potential biorefinery process, the latter method is 
attractive, and the separation of lignin following non-sulfur soda-AQ cooking is simpler 
and more efficient than that following kraft cooking, as the kraft cooking liquor contains 
sulfide, sulfite and sulfate, which can produce toxic gases such as hydrogen sulfide and 
sulfur dioxide. 
Therefore, the objectives of this study were to investigate suitable conditions for 
preparing SB unbleached pulp with optimum brightness and viscosity using a 
combination of prehydrolysis and soda-AQ cooking, and to clarify the effect of the TCF 
bleaching sequence on the pulp using a combination of oxygen, peroxymonosulfuric 
acid, and peroxide stages to enhance the qualities of DP and meet the Indonesian 
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National Standard requirements. 
 
3.2 Materials and methods 
3.2.1 Raw materials and analysis of chemical composition  
SB was collected from PG Madukismo, a sugar mill in Yogyakarta province, 
Indonesia. EFB was collected from PT Condong, an oil palm plantation in Garut region, 
West Java province, Indonesia. The SB fiber fragments of 5–10 cm were further cut to 
lengths between 0.5 and 1 cm, and small particles containing the inner portion (called 
pith) were removed by fractionation. The EFB fibers of 10–15 cm were cut to lengths 
between 0.5 and 1 cm after washing and sun drying.  
The SB and EFB materials were milled, and particles (40–80 mesh size) were used 
for analysis. The extractive content was determined according to TAPPI Test Method: 
T204 om-88 (1996) using Soxhlet extraction with hexane and acetone. The 
acid-insoluble lignin (Klason lignin) was analyzed according to the method of 
Yoshihara et al. (1984) with modifications by Ohi et al. (1997) as follows: 0.5 g of 
oven-dried milled material was hydrolyzed with 72% sulfuric acid at 20 ± 2 °C for 2.5 h 
and then further hydrolyzed with 4% sulfuric acid at 121 °C for 1 h. The mixture was 
then separated using a glass filter (1GP16) to obtain a residue and filtrate. The weight of 
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the residue was taken as the amount of acid-insoluble lignin. The amount of 
acid-soluble lignin was determined from the UV absorbance of the filtrate at 205 nm 
using a spectrophotometer (TAPPI Test Method: T222 om-88, 1996). Using a Dionex 
ICS 3000 ion chromatograph (Dionex, Sunnyvale, CA, USA), the monosaccharides in 
the filtrate were determined following 1000-times dilution [Tanifuji et al., 2011]. The 
ion chromatograph system consisted of an electrochemical detector (ED), single pump 
(SP-1), CarboPac PA 1 column (ɸ4 mm × 250 mm), CarboPac PA 1 guard column (ɸ4 
mm × 50 mm), and an auto sampler (AS). The ash content was determined according to 
TAPPI Test Method: T211 om-93 (1996) by incinerating the material at 575 °C for 4 h.  
Nitrobenzene oxidation of lignin in the SB and EFB materials was performed 
according to the method reported by Chen (1992) with some modifications. The 
oxidation products vanillin (Va) and syringaldehyde (Sa) were determined by gas 
chromatography. The net yield of the aromatic aldehydes (Va and Sa) is indicated as 
mmol per gram of acid-insoluble lignin (mmol/g lignin) and used as an index for 
uncondensed-type lignin structures.  
The hexenuronic acid (HexA) content of unbleached pulp was determined from the 
contents of 2-furancarboxylic acid and 5-formyl-2-furancarboxylic acid after formic 
acid hydrolysis at pH 2.5 and 120 °C for 3 h, using high-performance liquid 
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chromatography with 4:1 acetonitrile–water (pH 2.5) as the eluent and a detection 
wavelength of 265 nm, according to the method reported by Takahashi et al. (2010). 
 
3.2.2 Prehydrolysis and cooking  
The SB (or EFB) material (35 g, oven-dried weight) was prehydrolyzed with 245 
mL of distilled water at 150 °C for 3 h in a 300 mL steel reactor. In some cases, sulfuric 
acid (0.1% of material weight) was added during prehydrolysis to determine the effects 
of acid-catalyzed prehydrolysis. After removal of 160 mL prehydrolyzate (PHL), the 
wet solid residue of SB was subjected to soda-AQ cooking at 150 °C for 2 h with 
12–19% active alkali (AA) dosage (as Na2O) and 0.1% of AQ (as 
1,4-dihydro-9,10-dihydroxyanthracene sodium salt, SAQ; provided by Kawasaki Kasei 
Chemicals Ltd.), at a liquor-to-solid ratio of 7. Meanwhile, the EFB residue was 
subjected to cooking at 160 °C for 3 h with 20% AA dosage (as Na2O) and 0.1% of AQ, 
at a liquor-to-material ratio of 7. 
 
3.2.3 Bleaching sequences  
In this study a combination of oxygen bleaching (O), peroxymonosulfuric acid 
(H2SO5) treatment (Psa), and alkali extraction with hydrogen peroxide (Ep) steps were 
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used in the TCF bleaching sequence of O-Psa-Ep-Psa-Ep. Prehydrolyzed soda-AQ pulp 
(10 g, oven-dried weight) was oxygen bleached at a pulp consistency (PC) of 25% with 
1–2% NaOH, 0–0.2% MgSO4, and an oxygen pressure of 0.5 MPa at 115 °C for 60 min. 
Various combinations of NaOH and MgSO4 doses were used in the oxygen bleaching 
step to improve the brightness and viscosity, and the obtained pulps were named 
SB1–SB5, EFB1, and EFB2. These bleaching conditions of O stage are shown in Table 
4. 
H2SO5 was prepared according to the procedure of Rizaluddin et al (2015) by 
dropping 95% sulfuric acid (Wako Pure Chemical Industries, Ltd.) into 45% hydrogen 
peroxide aqueous solution (Mitsubishi Gas Chemical Company, Inc.) at 70 °C. The 
obtained solution contained 0.19 mmol/L H2SO5, 0.81 mmol/L H2SO4, and 0.14 mmol/L 
H2O2 and ratio H2O2 to H2SO5 was 38.4 to 61.6% (s.d. ± 4.1, n=4).  
The first and second Psa stages were carried out at a PC of 10% with 0.1% H2SO5 at 
pH 3 for 70 min at 70 °C for SB1-SB5 and EFB1-EFB2. The first and second Ep stages 
were carried out at a PC of 10% with 0.7% NaOH, 0.1% MgSO4, and 1% H2O2 for 60 
min at 70 °C for SB1-SB5 and EFB1-EFB2. For comparison with TCF bleaching, ECF 
bleaching with the sequence O-Psa-Ep-D was carried out on prehydrolyzed soda-AQ SB 
pulp. The D bleaching stage was carried out in a bag made of polyvinylidene chloride 
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sheets at a PC of 10% with 0.7% ClO2 at pH 3.3 for 60 min at 70 °C. 
 
3.2.4  Evaluation of pulp qualities  
The kappa number, viscosity, and α-cellulose were determined using TAPPI 
Test Method: T236 om-13 (2013), T230 om-94 (1996), and T203 cm-09 (2009), 
respectively. The ISO brightness was measured based on TAPPI Test Method: T452 
om-92 (1996) using a digital color meter (TC-1500 SX, Tokyo-Denshoku). The amounts 
of acid-insoluble lignin and acid-soluble lignin, and the carbohydrate composition of the 
pulp were determined using the methods described in section 2.1. 
 
3.2.5  Molecular weight distribution of SB bleached pulp 
SB bleached pulp or filter paper (Advantec, qualitative No. 1) as a control was 
dissolved in N, N-dimethylacetamide (DMAc) according to a procedure previously 
reported by Dupont (2003). SB bleached pulp (0.05 g) was twice dispersed in 10 mL of 
water at 40°C for 1 h, and then, it was twice dispersed in 8 mL of methanol at room 
temperature for 45 min after water was removed without drying. After removing most 
of the methanol by using an aspirator, the pulp was immersed in 8 mL of DMAc at room 
temperature for 45 min and then filtered. The pulp was immersed again in 8 mL of 
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DMAc and mixed with a magnetic stirrer at room temperature for 24 h and then filtered. 
Finally, 5 mL of DMAc containing 8 wt% of LiCl (8% LiCl/DMAc) was added to the 
pulp containing a small amount of DMAc (approximately 0.2 g). The pulp was mixed 
with a magnetic stirrer at room temperature for 24 h until complete dissolution in the 
8% LiCl/DMAc. 
Samples were subjected to gel permeation chromatography (GPC). The system 
consisted of a refractive index (RI) detector and Shodex KD-806M column (Showa 
Denko, Japan; ɸ8 mm × length 300 mm, 2 series). As the eluent, 0.5% LiCl/DMAc was 
used, and pullulan was used as an internal standard (log10Mw = －0.00442t + 12.30, t: 
second) with a flow rate of 0.6 mL/min. 
 
3.2.6  X-ray diffraction 
The crystallinity of the SB raw material, SB unbleached pulp, SB bleached pulp, 
and cellulose powder (Toyo Roshi Kaisha, Ltd., Tokyo) as a standard were determined 
by X-ray diffraction (XRD) analysis by using a D8 ADVANCE diffractometer (Bruker 
AXS GmbH, Karlsruhe, Germany). Radiation with a Cu tube (0.154 nm) at a voltage of 
40 kV and current of 40 mA was employed. Scan type was θ-2θ, and the sample angle 
range (2θ) waSB10 to 30° with a scan time of 348 s (6000 steps and 0.05 s/step). 
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Crystallinity index (CrI) was calculated based on the following equation: [(Imax－
Imin)/Imax] × 100. 
 
3.3  Results and discussion 
3.3.1 Chemical characteristics of SB and EFB raw materials 
The chemical compositions of SB and EFB are shown in Table 3.1. The total lignin 
content of the SB raw material (26.0%) was lower than that of EFB (30.2%), whereas 
the cellulose content of SB (39.3%) was higher than that of EFB (31.5%). Meanwhile, 
the EFB material contained much more ash and extractive compounds than the SB 
material. 
 
3.3.2 Prehydrolysis and soda-AQ cooking 
Prehydrolysis was applied to the SB and EFB materials prior to soda-AQ cooking, 
and the PHL was collected and freeze-dried. The xylan content in the PHL of both SB 
and EFB (4.0% and 1.6%, respectively) was higher than the glucan content (0.8% and 
0.4%, respectively) (Table 3.1). Moreover, small amounts of lignin in SB and EFB 
(1.0% and 1.1%, respectively) were also removed during prehydrolysis. The remaining 
unidentified substances in the PHL mainly include hydrophilic organic compounds like 
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acetic acid, uronic acids, furfural, and polyphenols. As a next step, we will analyze these 
materials and products according to previously reported methods [Sluiter, 2010; 
Templeton, 2010]. 
As reported in Table 3.1, the kappa number and yield of prehydrolyzed soda-AQ 
SB pulp (7.1 and 35.8%, respectively) were lower than those of soda-AQ SB pulp (10.8 
and 52.5%, respectively). Similar behavior was also observed for EFB pulp. These 
results suggest that prehydrolysis may decrease the linkages between lignin and 
carbohydrates, as reported by Ma et al (2011), which will make lignin removal will 
make easier. The ash content of SB decreased significantly from 1.8% (raw material) to 
0.1% in the prehydrolyzed soda-AQ pulp. The ash content of EFB decreased from 3.4% 
(raw material) to 0.6% (pulp). 
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Table 3.1 Chemical composition of sugarcane bagasse (SB) and oil palm empty fruit 
bunch (EFB) raw materials, prehydrolysates (PHLs) and unbleached pulps 
 SB EFB 
 Raw 
material 
PHL Raw 
material 
PHL 
Acid-insoluble lignin (%) 23.7 ± 0.2 0.2 ± 0.1 27.4 ± 0.5 0.3 ± 0.1 
Acid-soluble lignin (%) 2.3 ± 0.1 0.8 ± 0.1 2.8 ± 0.1 0.8 ± 0.1 
Glucan (%) 39.3 ± 1.4 0.8 ± 0.1 31.5 ± 1.1 0.4 ± 0.1 
Xylan (%) 18.0 ± 0.8 4.0 ± 0.1 17.5 ± 0.6 1.6 ± 0.1 
Other sugars (%) 2.6 ± 0.1 0.6 ± 0.1 1.2 ± 0.1 0.5 ± 0.1 
Extractives (%) 2.0 ± 0.1 - 5.9 ± 0.7 - 
Ash (%) 1.8 ± 0.1 1.1 ± 0.1 3.4 ± 0.1 2.2 ± 0.1 
Unknown (%) 10.3 ± 0.4 4.0 ± 0.1 10.3 ± 0.4 2.5 ± 0.1 
Yield (%) 100 11.4 ± 0.1 100 8.3 ± 0.1 
Va and Sa yield by NBOa 
(mmol/g lignin) 1.40 ± 0.39 - 1.31 ± 0.13 - 
 Soda-AQ pulpb 
Prehydrolyzed
c soda-AQ 
pulpb 
Soda-AQ 
pulpd 
Prehydrolyzed
c soda-AQ 
pulpd 
Kappa number 10.8 ± 0.4 7.1 ± 0.2 19.0 ± 0.2 10.1 ± 0.4 
Pulp yield (%) 52.5 ± 1.1 35.8 ± 0.4 49.2 ± 0.8 37.6 ± 0.2 
Acid-insoluble lignin (%) 1.0 ± 0.1 0.5 ± 0.1 2.0 ± 0.1 0.9 ± 0.1 
Acid-soluble lignin (%) 0.5 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 
Glucan (%) 30.8 ± 0.3 25.9 ± 0.3 27.3 ± 0.3 24.4 ± 0.2 
Xylan (%) 10.7 ± 0.1 1.7 ± 0.1 8.9 ± 0.1 6.5 ± 0.1 
Other sugars (%) 0.9 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 
Ash (%) 0.6 ± 0.1 0.1 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 
Unknown (%) 8.0 ± 0.3 6.9 ± 0.1 8.6 ± 0.2 4.6 ± 0.1 
Viscosity (cP) - 34.1 ± 0.6 - 18.8 ± 0.5 
HexA content       
(mmol/kg pulp) - 0.23 ± 0.03 - 14.4 ± 0.2 
a Vanillin and syringaldehyde yield by nitrobenzene oxidation 
b Cooking conditions 150 °C and 2 h, active alkali dosage of 16% 
c Prehydrolysis conditions 150 °C and 3 h 
d Cooking conditionSB160 °C and 3 h, active alkali dosage of 20% 
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The EFB material treated with an AA dosage of 20% at 160 °C for 3 h had a higher 
kappa number (10.1) than the SB pulp (7.1) after treatment with an AA of dosage 16% 
at 150 °C for 2 h. When higher AA dosages, higher cooking temperatures, and longer 
cooking times were applied, the SB pulp was of better quality. These results show the 
advantages and potential for utilization of SB compared with EFB.  
Table 3.1 shows that the Va and Sa yield of SB (1.40 mmol/g lignin) was higher 
than that of EFB (1.31 mmol/g lignin). Uncondensed-type lignin structures with β-aryl 
ethers are expected to decompose faster under alkaline cooking conditions than 
condensed-type lignin structures with β-5 and 5-5 carbon–carbon bonds [Chen, 1992]. 
Therefore, the kappa number and lignin content of SB unbleached pulp were lower than 
those of EFB unbleached pulp, even though a lower AA dosage was applied during 
cooking. Moreover, the higher lignin content of the EFB material with more 
condensed-type lignin structures should inhibit lignin decomposition during cooking. 
However, the influence of the lignin structure on the delignification rate of these 
materials needs to be studied further. 
 
3.3.3 Effects of active alkali dosage and acid-catalyzed prehydrolysis  
The optimum conditions to obtain high brightness and viscosity were studied by 
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increasing the AA dosage from 12% to 19% (Table 3.2). The kappa number and yield 
decreased with increasing AA dosage. In contrast, the brightness was increased by 
increasing the AA dosage from 12% to 16%. Increasing the AA dosage will increase 
lignin removal, resulting in increased brightness of the pulp. However, further 
increasing the AA dosage decreased the brightness. At higher AA dosages, the fiber 
becomes soft, which likely decreases the light scattering coefficient [Niskanen, 1998]. 
Meanwhile, the viscosity showed no specific tendency with increasing AA dosage from 
12% to 16%, with the highest viscosity observed at an AA dosage of 16%. However, 
increasing the AA dosage further (17 to 19%) resulted in a decrease in the viscosity. 
This result was probably caused by further degradation of cellulose at higher AA 
dosages.  
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Table 3.2 Effects of active alkali dosage on the properties of SB pulp prepared by 
prehydrolysis and soda-AQ cookinga 
Active alkali Yield Kappa 
number 
Brightness Viscosity 
(%) (%) (% ISO) (cP) 
19 33.9 ± 0.2 5.3 ± 0.1 43.7 ± 0.6 29.7 ± 0.4 
18 34.3 ± 0.2 5.6 ± 0.1 42.9 ± 0.6 30.1 ± 0.6 
17 34.7 ± 0.3 5.7 ± 0.1 44.1 ± 0.6 32.4 ± 0.6 
16 35.8 ± 0.2 7.1 ± 0.1 46.3 ± 0.6 34.1 ± 0.6 
15 35.9 ± 0.3 7.2 ± 0.1 46.0 ± 0.8 29.5 ± 0.1 
14 36.7 ± 0.3 8.6 ± 0.2 42.7 ± 0.9 29.1 ± 0.3 
13 36.9 ± 0.2 13.3 ± 0.2 36.6 ± 0.7 28.4 ± 0.5 
12 38.1 ± 0.4 28.6 ± 0.2 30.4 ± 0.6 30.8 ± 0.3 
a Prehydrolysis conditions 150 °C and 3 h. Cooking conditions 150 °C and 2 h; liquor-to-material ratio, 7; SAQ dosage, 0.1% 
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Based on these results, an AA dosage of 16% was chosen as the optimum condition, 
giving SB unbleached pulp with an ISO brightness of 46.3% and viscosity of 34.1 cP 
(Table 3.2). 
The effects of acid-catalyzed prehydrolysis were studied by adding dilute sulfuric 
acid (0.1% of material weight). The addition of acid increased the ISO brightness of SB 
unbleached pulp from 48.5% to 49.9%; however, the viscosity decreased from 33.4 to 
31.6 cP and the kappa number also decreased from 6.0 to 5.2 (Table 3.3).  
These phenomena can be explained by increased removal of hemicelluloses and 
lignin with addition of acid during prehydrolysis. Increasing hemicellulose and lignin 
removal makes the purification of cellulose easier and higher brightness can be achieved. 
A previous study showed that the addition of dilute acid during prehydrolysis increased 
the accessible surface area, hemicellulose removal, and lignin structure alteration [Hu, 
2008]. Similar brightness and viscosity values were obtained during prolonged 
acid-catalyzed prehydrolysis at a lower temperature of 120 °C (Table 3.3).  
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Table 3.3 Effects of acid-catalyzed prehydrolysis on the properties of SB pulp prepared 
by prehydrolysis and soda-AQ cooking 
a Prehydrolysis and cooking temperature 
b Prehydrolysis 
c Active alkali 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2SO4 
dose (%) 
Temperature a 
(°C) 
Prehyd.b 
time (h) 
AAc (%) 
Cooking 
time (h) 
Yield (%) 
Kappa 
number 
Brightness 
(% ISO) 
Viscosity 
(cP) 
0 150 3 18 1.5 38.8 ± 1.1 6.0 ± 0.2 48.5 ± 0.6 33.4 ± 0.4 
0.1 150 3 18 1.5 38.1 ± 0.2 5.2 ± 0.2 49.9 ± 0.9 31.6 ± 0.4 
0.1 120 10 18 10 47.1 ± 0.2 9.2 ± 0.2 48.9 ± 0.1 31.3 ± 0.2 
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3.3.4  Effect of bleaching sequences 
The SB pulp with a kappa number of 7.1, ISO brightness of 46.3%, and viscosity 
of 34.1 cP (Table 3.1) was treated with multistage TCF bleaching (SB1, SB3) and ECF 
bleaching (SB2). Further, SB pulp prepared using acid-catalyzed prehydrolysis with a 
kappa number of 5.2, ISO brightness of 49.9%, and viscosity of 31.6 cP (Table 3.3) was 
subjected to TCF bleaching (SB4, SB5). For comparison, EFB pulp with a kappa 
number of 10.1, ISO brightness of 44.7%, and viscosity of 18.8 cP (Table 3.1) was 
treated with TCF bleaching (EFB1, EFB2).  
As shown in Table 3.4, the kappa number of the prehydrolyzed soda-AQ SB pulp 
decreased from 7.1 to 1.6–2.3 after the oxygen bleaching stage (SB1–SB3). Meanwhile, 
the SB pulp prepared by acid-catalyzed prehydrolysis had final kappa numbers of 2.2 
and 1.8 (SB4 and SB5, respectively). In contrast, after oxygen bleaching, the EFB pulp 
(EFB1 and EFB2) had considerably higher kappa numbers (6.7 and 5.5) than the SB 
pulps. 
The effect of MgSO4 addition on oxygen bleaching can be observed by comparing 
samples SB1 and SB2. The addition of MgSO4 to SB pulp increased the viscosity from 
21.7 to 22.9 cP but decreased the ISO brightness slightly from 69.6% to 67.5%. 
Meanwhile, the effect of NaOH dosage can be observed by comparing samples SB2 and 
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SB3. Increasing the NaOH dosage clearly increased the ISO brightness from 67.5% to 
70.0% and decreased the viscosity from 22.9 to 19.3 cP. Although the behavior of the 
EFB pulps and SB pulps was similar when NaOH dosage increased, the EFB pulps had 
higher kappa numbers, lower brightness, and lower viscosities than the SB pulps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  72 
 
 
 
Table 3.4 Effects of NaOH and MgSO4 addition on oxygen bleaching of SB and EFB 
pulps 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Material 
Chemical addition at 
oxygen bleaching Before oxygen bleaching After oxygen bleaching 
Sample 
name 
NaOH 
(%) 
MgSO4 
(%) 
Kappa 
number 
Brightness (% 
ISO) 
Viscosity 
(cP) 
Kappa 
number 
Brightness 
(% ISO) 
Viscosity 
(cP) 
SB 
SB1 1 0 7.1 ± 0.1 46.3 ± 0.6 34.1 ± 0.6 2.2 ± 0.1 69.6 ± 0.7 21.7 ± 0.1 
SB2 1 0.2 7.1 ± 0.1 46.3 ± 0.6 34.1 ± 0.6 2.3 ± 0.1 67.5 ± 0.7 22.9 ± 0.2 
SB3 2 0.2 7.1 ± 0.1 46.3 ± 0.6 34.1 ± 0.6 1.6 ± 0.2 70.0 ± 0.7 19.3 ± 0.1 
SB4 1 0 5.2 ± 0.2 49.9 ± 0.9 31.6 ± 0.4 2.2 ± 0.2 72.1 ± 0.4 21.7 ± 0.2 
SB5 2 0.2 5.2 ± 0.2 49.9 ± 0.9 31.6 ± 0.4 1.8 ± 0.1 72.8 ± 0.3 15.5 ± 0.1 
EFB EFB1 1 0 10.1 ± 0.2 44.7 ± 0.4 18.8 ± 0.2 6.7 ± 0.1 59.7 ± 0.1 13.7 ± 0.2 EFB2 2 0.2 10.1 ± 0.2 44.7 ± 0.4 18.8 ± 0.2 5.5 ± 0.2 62.5 ± 0.1 11.3 ± 0.2 
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After oxygen bleaching, the pulps were subjected to a Psa-Ep-Psa-Ep bleaching 
sequence. Psa was chosen because a previous study revealed that Psa increased HexA 
decomposition [Kuwabara, 2011]. One of the causes of the yellowing effect is HexA in 
the pulp. Therefore, by removing HexA, brightness reversion can be avoided. Moreover, 
Rizaluddin et al. (2015) reported that Psa treatment resulted in larger reduction of kappa 
number per unit of viscosity (better selectivity) than ozone bleaching. In this study, 
bleaching of SB pulps with 0.1% Psa resulted in a 2.3–3.7% increase in ISO brightness 
and a decrease in viscosity by 3.0–6.6 cP (Fig. 3.1).  
During the Ep stage, 0.1% MgSO4 was added to maintain the viscosity. A previous 
study clarified that the beneficial effect of MgSO4 on pulp brightness and viscosity 
during the Ep stage is the result of stabilization of peroxide and oxygen species by 
MgSO4 [Ni, et al., 2000; Ju, et al., 1999]. In this study, a significant increase in the 
brightness of both SB and EFB pulps was observed after the Ep stage compared with 
that after the Psa stage. 
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 Fig. 3.1 Brightness and viscosity profile of SB3 pulp during O-Psa-Ep-Psa-Ep bleaching 
sequence (white bar: brightness; gray bar: viscosity) 
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Similar multistage TCF bleaching sequences applied to hardwood pulps prepared 
by prehydrolysis and kraft cooking obtained ISO brightness of 87.3–88.3% after the 
final stage, but the viscosities of the samples decreased to 5.1–6.0 cP [Rizaluddin, et al., 
2016]. However, in this study, the ISO brightnesses of the SB pulps after the final stage 
of the Psa-Ep-Psa-Ep bleaching sequence reached 88.3–89.6% with viscosities of 5.6–6.9 
cP (Table 3.5). The brightness level of all these samples met the requirements of the 
Indonesian National Standard; however, sample SB5 did not meet the standard 
requirement for viscosity (>6.2 cP). The glucan content of each of the SB TCF-bleached 
pulps was in the range of 95.4–96.4%, and the α-cellulose content was 93.6 ± 0.9% 
which met the standard requirement (minimum 94%). The ash content analysis revealed 
that only sample SB3 (0.1%) and sample SB4 (0.1%) met the standard requirement. 
Therefore, sample SB3, with an ISO brightness of 89.1%, viscosity of 6.4 cP, glucan 
content of 95.7%, and ash content of 0.12% was chosen as the optimum result. 
Table 3.1 shows that HexA content of SB prehydrolyzed soda-AQ pulp (0.2 
mmol/kg) was considerably lower than that of the EFB pulp (14.4 mmol/kg). The higher 
brightness of the SB pulp after the final bleaching stage should be influenced by the 
lower HexA content, as H2SO5 is consumed in a reaction with HexA [Kuwabara, 2011]. 
Any H2SO5 not consumed in this reaction can effectively degrade residual lignin and 
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colored substances. 
During the overall bleaching sequence, the decrease in viscosity for EFB (18.8 to 
7.0 cP) was lower than that for SB (34.1 to 6.4 cP). This result shows that EFB pulp 
fiber is more resistant to bleaching chemicals than SB materials. This finding opens the 
possibility of increasing the chemical dosage for EFB in future studies. However, for 
DP production, SB is preferable because of the lower chemical dosage needed to reach 
the standard. The application of this TCF bleaching sequence to achieve the standard 
brightness (minimum 88%) can be considered the first report of DP production from 
SB. 
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Table 3.5 Viscosity, brightness, carbohydrate content, and ash content of TCF 
(O-Psa-Ep-Psa-Ep) and ECF (O-Psa-Ep-D) bleached pulps 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Bleaching sequence 
Brightness 
 (% ISO) 
Viscosity 
 (cP) 
Glucan 
(%) 
Xylan  
(%) 
Ash 
(%) 
SB1 O-Psa-Ep-Psa-Ep 88.9 ± 0.7 6.9 ± 0.1 95.4 ± 0.6 4.1 ± 0.1 0.26 ± 0.05 
SB3 O-Psa-Ep-Psa-Ep 89.1 ± 1.3 6.4 ± 0.1 95.7 ± 0.5 4.0 ± 0.1 0.12 ± 0.02 
SB4 O-Psa-Ep-Psa-Ep 88.3 ± 0.2 6.3 ± 0.1 96.4 ± 0.8 3.5 ± 0.1 0.13 ± 0.02 
SB5 O-Psa-Ep-Psa-Ep 89.6 ± 0.4 5.6 ± 0.1 96.2 ± 0.6 3.6 ± 0.1 0.17 ± 0.05 
SB2 O-Psa-Ep-D 88.8 ± 0.3 8.9 ± 0.1 94.7 ± 0.7 4.4 ± 0.1 0.11 ± 0.02 
EFB1 O-Psa-Ep-Psa-Ep 79.1 ± 0.3 8.9 ± 0.1 80.4 ± 1.6 18.5 ± 0.1 0.83 ± 0.06 
EFB2 O-Psa-Ep-Psa-Ep 81.6 ± 0.2 7.0 ± 0.1 82.4 ± 1.5 16.8 ± 0.1 0.52 ± 0.04 
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Figure 3.2 shows the molecular weight distributions of the SB TCF bleached 
pulp (SB 3) and ECF bleached pulp (SB 2). The weight-average molecular weight (Mw) 
and the number-average molecular weight (Mn) of the TCF bleached pulp were 1.59  
105 g/mol and 5.66  104 g/mol, respectively (polydispersity: Mw/Mn = 2.82). Mw was 
slightly lower than that of the ECF bleached pulp (Mw = 2.44  105 g/mol, Mw/Mn = 
2.95). These Mw results are higher than the molecular weight calculated from the degree 
of polymerization (DP) by employing a viscosity method via the TAPPI Test Method. 
Based on the correlation DP0.905 = 0.75[954 log (x) - 325] [Sihtola, 1963], where x is the 
viscosity (cP) based on the TAPPI T230 method, DP for SB TCF and ECF pulps were 
found to be 613 and 824, respectively. Further, the viscosity-average molecular weights 
(Mv) of the cellulose in the TCF and ECF pulps were 9.93  104 g/mol and 1.33  105, 
respectively. Pullulan, a polysaccharide composes of maltotriose units (three α(1→4) 
linked glucose molecules) in which the units are linked by α(1→6) glycosidic bonds, 
has a different polymer backbone with cellulose (β(1→4) linked). It was reported that 
Mw of methyl cellulose obtained by GPC using pullulan as the standard was 
overestimated to a greater extent than that determined by the light scattering method 
[Poche, 1998].  
The TCF bleaching chemicals cause a greater degree of de-polymerization of 
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cellulose than the ECF bleaching chemicals, as indicated by the viscosity and Mw of the 
SB TCF bleached pulp being lower than those of the SB ECF bleached pulp. A previous 
study [Rizaluddin, 2016] reported that the replacement of chlorine dioxide with H2SO5 
during the bleaching stages caused viscosity loss in hardwood pulp. In addition, the total 
dosages of H2O2 and NaOH during TCF bleaching were 2.0% and 3.4%, respectively, 
which were two times higher than those in the case of ECF bleaching, and this resulted 
in the viscosity of the TCF pulp being lower than that of the ECF pulp.  
Figure 3.3 showed that the crystallinity index (CrI) of the SB TCF bleached 
pulp (SB3) and SB ECF bleached pulp (SB2) increased to 73.6% and 78.8%, 
respectively, from 46.3% (raw material) and 65.5% (unbleached pulp). The increase in 
CrI was caused by the removal of amorphous lignin and hemicelluloses after 
delignification and bleaching [Zhao, 2010]. CrI of the SB TCF bleached pulp was 
slightly lower than that of the SB ECF bleached pulp. NaOH dosages including in the 
oxygen bleaching stage during TCF bleaching was 3.4% (two times higher than that in 
the case of ECF bleaching). A higher NaOH dosage should remove more lignin and 
hemicelluloses, resulting in a higher cellulose content. A higher NaOH dosage should 
also cause more swelling of cellulose under an alkaline condition and decrease cellulose 
crystallinity. 
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Fig. 3.3 XRD spectra of SB raw material (1), SB unbleached pulp (2), SB TCF bleached 
pulp (3), SB ECF bleached pulp (4) and cellulose powder (5) 
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Four-stage ECF bleaching (O-Psa-Ep-D) of SB pulp resulted in an ISO brightness of 
88.8% with a high viscosity of 8.9 cP, a glucan content of 94.7%, and an ash content of 
0.1% (Table 3.5). Thus, ECF bleaching may meet the standard requirements, even if a 
lower dosage of ClO2 (0.7%) is applied. However, within the context of environmental 
issues, TCF bleaching is preferable because no organochlorine substances are 
discharged. Meanwhile, bleached EFB pulps only achieved ISO brightnesses of 79.1% 
and 81.6%, which are below the Indonesian National Standard (minimum 88%).  
 
3.4 Conclusion 
Prehydrolysis is an important step in the production of DP from SB. An ISO 
brightness of 46.3% and viscosity of 34.1 cP were obtained by prehydrolysis for 3 h at 
150 °C and cooking for 2 h at 150 °C with an AA dosage of 16%. The application of a 
TCF bleaching sequence (Psa-Ep-Psa-Ep; chemical dosages of 0.1, 1.0, 0.1, and 1.0%, 
respectively) to the oxygen-bleached pulp was successful. The ISO brightness (89.1%), 
viscosity (6.4 cP), ash content (0.12%), α-cellulose content (93.6%), and glucan content 
(95.7%) achieved for the bleached pulp met the requirements by Indonesian National 
Standard. These results demonstrate not only an approach for reducing dependency on 
wood as a raw material, but also the potential of an environmentally friendly biorefinery 
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process for the utilization of SB materials to achieve high-quality DP production. 
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Chapter 4  General conclusions 
This study investigated the utilization of sugarcane bagasse as raw material for 
dissolving pulp and bioethanol production. Comparison of two SB and OPT 
delignification methods (Chapter 2) showed that the AS-AQ cooking method is more 
suitable for SB delignification than soda-AQ cooking, with SB pulp releasing more 
glucose than OPT under the same conditions. For the same kappa number (20) of pulp 
samples obtained by AS-AQ cooking, SB pulp with a lower S/V ratio (0.68) yielded a 
higher saccharification rate (0.0327), while OPT pulp (S/V = 2.56) showed a lower 
saccharification rate (0.0252). This study revealed that the influence of lignin structure 
(expressed as the S/V ratio) on the saccharification rate is important for AS-AQ pulp, 
although the kappa number significantly influences the saccharification rate of SB and 
OPT pulps. 
In Chapter 3, we identified optimum conditions for producing environmentally 
friendly dissolving pulp. Pre-hydrolysis is an important step for producing DP from SB. 
Optimum brightness and viscosity for unbleached SB pulp were obtained using 3-h 
pre-hydrolysis at 150 °C and 2-h cooking at 150 °C with an AA dosage of 16%. The 
application of a TCF bleaching sequence (O-Psa-Ep-Psa-Ep) to pre-hydrolyzed soda-AQ 
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SB pulp resulted in compliance with brightness (89.1%), viscosity (6.4 cP), and ash 
content (0.12%) standards. The obtained results demonstrate the potential of 
environmentally friendly biorefining for utilization of SB materials, being not only 
applicable for reducing the dependency on wood as a raw material, but also for 
introducing an environmentally friendly process for high-quality DP production. 
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